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In this work, a plasma assisted atomic layer deposition system was used to deposit nitrogen-doped
titanium dioxide. A simple approach was developed that requires only a nitrogen plasma and short
plasma exposure times to effectively dope TiO2. A range of nitrogen concentrations were achieved
by varying the flow rate and exposure times of nitrogen and oxygen plasmas. A nitrogen content as
high as 236 0.5 at. % was observed when only the nitrogen plasma was used. It was also possible
to vary the type of nitrogen doping from almost entirely interstitial to purely substitutional, as mea-
sured by x-ray photoelectron spectroscopy. Ultraviolet-visible spectroscopy measurements showed
a shifting in the absorption edge from 350 to 520 nm with doping, indicating bandgap narrowing
from 3.1 to 1.9 eV. Published by the AVS. https://doi.org/10.1116/1.5019170
I. INTRODUCTION
Titanium dioxide (TiO2) has been used for a variety of
applications including sensors,1 photovoltaics,2 and photoca-
talysis for environmental and energy purposes (e.g., self-
cleaning surfaces and water and air purification)3,4 because it
is chemically stable, cheap, abundant, and nontoxic.
However, the large bandgap of the anatase form of TiO2
(3.1 eV) limits the efficiency of photocatalysis under visible
light, and the position of its conduction band influences
electron transport in devices such as photovoltaics and
metal-insulator-metal diodes. To enhance the photocatalytic
efficiency of TiO2 and improve the current–voltage charac-
teristics of TiO2 devices,
5 nitrogen doping (N-doping) has
been used to narrow the bandgap and increase visible light
absorption. Various deposition processes have been used to
introduce nitrogen atoms into the TiO2 lattice of nanoscale
films. These have included sputtering,6 chemical vapor depo-
sition,7 and atomic layer deposition (ALD).8 ALD has been
used to deposit TiO2 thin films using water vapor and a vari-
ety of different precursors as the Ti source, including tita-
nium tetrachloride (TiCl4),
9 titanium tetrafluoride (TiF4),
10
tetrakis (dimethylamino)-titanium (TDMAT),11 and titanium
isopropoxide (TIIP).12,13 Much research on N-doping with
ALD has used NH3 gas or ammonia water.
14,15 The use of
an additional precursor introduces complexity, it can make it
hard to control the nitrogen content, and the deposited film
can change to TiN at high temperature.16,17 Recently, plasma
assisted atomic layer deposition (PAALD) was used for dop-
ing due to advantages such as higher reactivity, low deposi-
tion temperature,18 and the possibility to control the
chemical composition.17 However, these efforts resulted in
low nitrogen contents or required complex techniques or rel-
atively long deposition times to obtain high nitrogen con-
tents. Zhipeng et al.19 deposited N-doped TiO2 by PAALD
with TiCl4, H2O, and N2 plasma gas, achieving a doping
level of 1 at. % of nitrogen. Deng et al.20 achieved a nitrogen
content of 9.4 at. % by alternating thermal ALD of TiO2 and
PAALD of TiN, but the use of alternating deposition meth-
ods required a longer deposition time. Zhang et al.17 depos-
ited TiO2-xNx ultrathin films by varying the background gas
(O2 or N2) during the Ti precursor exposure with a N2/H2-
fed inductively coupled plasma (ICP). They achieved a sig-
nificant nitrogen content of 13 at. %, as measured at the sur-
face of the film, and up to 22 at. % in the bulk of the film by
injecting N2 gas for 4 s through the ICP dosing line during
the Ti precursor exposure. Despite using a procedure without
any oxygen precursor, the substitutional doping in their films
was limited to 50%. Additionally, their approach used a long
(15 s) H2/N2 plasma exposure time to achieve these nitrogen
contents, which limits the film growth rate (up to 30 s
required per cycle). Their approach is detailed schematically
in Fig. 1. The PAALD cycle time is the sum of the Ti precur-
sor dosing time, the Ti purge time, the reactant (O2/N2) dose
time, and the reactant plasma purge time. Thus, using more
reactants and longer exposure times leads to increased purge
times and increased cycle times, resulting in slow film
growth rates. Furthermore, some of the previous reports of
N-doped TiO2 by PAALD used TiCl4 as the precursor,
19
which is undesirable due to resulting chlorine contamination.
Because chlorine and oxygen have different ionic radii, chlo-
rine impurities result in undesirable chemical properties.21
Achieving N-doped TiO2 with minimal contamination/
a)Electronic mail: kevin.musselman@uwaterloo.ca
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impurities via faster depositions employing fewer precursors
is challenging.
In this work, a simple and fast approach for PAALD of
N-doped TiO2 with a high nitrogen content and substitu-
tional doping is designed and studied. Doping TiO2 with
nitrogen requires high energy because breaking of Ti–O
bonds by nitrogen atoms is not thermodynamically
favored.20 Therefore, even when the nitrogen plasma flow
was increased in PAALD previously, the nitrogen concentra-
tion in TiO2 was low.
19 We use no O2 precursor sources and
a pure nitrogen plasma (unlike the mixed H2/N2 plasma used
by Zhang et al.17) in the approach presented here so that the
formation of Ti–O bonds is inhibited and nitrogen is more
likely to react with Ti. Residual water vapor in the PAALD
chamber was an oxygen source in a pressure range of 1.3
 104 to 1.3  105Pa, and thus, titanium isopropoxide
was selected as the titanium precursor because it is highly
reactive with water vapor. Even though there is very little
water vapor in the chamber as compared to nitrogen, its
affinity for the Ti precursor is much greater, which is
expected to ensure the formation of N-doped TiO2 in this
arrangement, rather than TiN. However, by limiting the
quantity of oxygen present and using a pure N2 plasma, it is
expected that nitrogen incorporation into the films will be
enhanced and result in more substitutional doping of TiO2.
II. EXPERIMENT
A. PAALD of N-doped TiO2
Nitrogen-doped TiO2 was deposited on silicon wafers
(100 orientation) that were 2 in. in diameter and 13 to 17
thousandths of an inch (330 to 432 lm) thick, as identified
by the manufacturer (Silicon Quest International), and glass
substrates that were 25.46 0.2mm in diameter and
1.66 0.2mm thick. The depositions on the silicon and glass
substrates were performed simultaneously in order to avoid
any change in the deposition conditions. The films were
deposited at 250 C using an Oxford-FlexALTM system
with a base pressure below 1.33  104Pa. The moderate
deposition temperature of 250 C was selected to prevent the
formation of TiN rather than TiO2. The system utilized an
ICP source for remote plasma operation. The diameter of the
ICP tube was 80mm, and the load lock of the system was
pumped to below 1.33  103Pa. The vacuum chamber was
first purged with Ar for 3min to stabilize the chamber pres-
sure and temperature. Figure 1 illustrates the N-doped TiO2
procedure used in this work, along with that of Zhang
et al.17 TIIP bubbled with argon was used to dose the sub-
strate for 2 s at a pressure of 10.6 Pa, and then, the precursor
line was purged with Ar for 3 s at a pressure of 2 Pa. For
some depositions, a flow of O2 was then stabilized for
500ms before generating a plasma by radio frequency (RF)
with a power of 300W at a pressure of 2 Pa. Selected sub-
strates were exposed to the O2 plasma for 3 s and then
purged with Ar for 2 s at a pressure of 10.6 Pa. The N2
plasma flow was stabilized for 500ms, and a RF plasma was
generated with a power of 300W. The substrates were
exposed at a pressure of 2 Pa for different durations, fol-
lowed by Ar purging for 2 s at a pressure of 10.6 Pa.
The O2 and N2 gas feeds, plasma exposure times, and
number of PAALD cycles for different procedures tested are
summarized in Table I. Notably, all procedures except the
TiO2 procedure and the first doping procedure did not employ
the oxygen plasma such that the only sources of oxygen were
the TIIP and residual water vapor in the vacuum chamber.
B. Characterization
UV-Vis spectroscopy (UV-2501 PC) with a wavelength
range of 190–1100 nm, a resolution of 0.1 nm, a wavelength
accuracy of6 0.3 nm, and a precision of60.002 abs was
applied to measure the transmittance T and reflectance R of
the films, as shown in Fig. S1 in the supplementary mate-
rial.42 The extinction coefficient k was calculated from the
following relation:22,23
k ¼ ln T= 1 Rð Þ  k=4pd½ : (1)
In Eq. (1), k is the wavelength and d is the film thickness.
The absorption coefficient a was then calculated using the
extinction coefficient k,
a ¼ 4pk=k½ ; (2)
and the bandgaps of the films were determined using
FIG. 1. (Color online) Flow chart of the PAALD cycle developed in this
work and the cycle reported in previous work. Procedures that produced the
highest nitrogen contents are shown.
TABLE I. Process procedures for PAALD films.
Gas feed (sccm)
Procedure O2 N2 Plasma time (s) No. of cycles Base pressure
1 10 50 3 600 1.33  104 Pa
2 0 50 1 600
3 0 50 3 600
4 0 50 5 600
5 0 50 7 600
TiO2 60 0 3 600
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ahv ¼ B hv Eg½ r; (3)
where B is a constant, hv is the photon energy, Eg is the
bandgap of the material, and r¼ 2 for an indirect bandgap,
as reported previously.24 The bandgaps of the films were cal-
culated from Tauc plots25 by plotting (ahv)1/2 versus the
photon energy hv, where the tangent of the curve gives the
bandgap of the film.
A Woollam M-2000 DI ellipsometer was used to measure
the thickness of the films deposited on glass substrates for
use in the bandgap calculations. Ellipsometry was also per-
formed to measure the refractive indices of the films depos-
ited on silicon wafers, where the deposited films were
modeled using the Cauchy formula.
X-ray photo electron spectroscopy (XPS) (VG Scientific
ESCALAB 250) was performed on the surface of the films
using Al Ka x-rays. The spectra were calibrated using the
C1s peak at 284.6 eV. XPS was performed using silicon sub-
strates rather than glass to obtain more reliable results.
III. RESULTS AND DISCUSSION
The absorption coefficients calculated from the UV-vis
transmittance and reflectance measurements are shown in
Fig. 2(a). A similar absorption edge is observed at approxi-
mately 350 nm for the films deposited using the TiO2 proce-
dure and procedure 1 (3s O2 and N2 plasmas). A shift of the
absorption edges to 450 nm for the second procedure (1s N2
plasma), 520 nm for the third procedure (3s N2 plasma), and
500 nm for the fourth and fifth procedures (5s and 7s N2
plasmas) indicates the successful incorporation of nitrogen
in all cases. Figure 2(b) shows the bandgaps identified using
Tauc plots. The narrowing of the bandgap from 3.1 eV for
TiO2 to 1.9 eV for the films deposited using the third proce-
dure (3s N2 plasma) is consistent with previous reports
20 that
showed narrowing of the bandgap to 1.91 eV.
The chemical composition and bonds between elements
were characterized by XPS. Table II compares the XPS peak
positions (Ti 2p3/2, Ti 2p1/2, N1s, and O1s) observed in this
work with those of TiN, TiNO, and N-doped TiO2 reported
previously in the literature. It is seen that the peak positions
measured here are consistent with N-doped TiO2, rather than
TiN or TiNO. To further confirm that N-doped TiO2 was
deposited, the refractive indices of the films were measured
by ellipsometry. Figure S2 in the supplementary material
shows that the refractive index values at 632.8 nm (start of
the red part of the visible spectrum) were in the range of 2.4
to 2.9, consistent with previous reports that showed 2.4 (Ref.
23) and 2.9 (Ref. 26) for TiO2. The slight variation in the
refractive index likely comes from composition changes in
the N-doped TiO2 films made using different procedures. In
contrast, the refractive index of TiN is typically reported to
be approximately 1.7.22
Figure 3 shows the Ti 2p XPS spectra of the films. Ti 2p3/2
and Ti 2p1/2 peaks are located at 458 eV and 464 eV, respec-
tively, for the TiO2 procedure in Fig. 3(a), and are attributed
to TiO2 (Ti
4þ). For procedure 1 (3s O2 and N2 plasmas), the
same Ti4þ peaks are observed in Fig. 3(b). When a N2
plasma is used without O2 gas, as in procedures 2–5, Ti 2p
peaks appear at 457 and 463 eV [as shown in Figs.
3(c)–3(f)], which are attributed to Ti2O3 (Ti
3þ).36 The
appearance of the Ti3þ peaks coincides with the shifting of
the bandgap in Fig. 2, suggesting that the Ti3þ peaks appear
when the nitrogen content is increased in the films. While
small peaks corresponding to Ti4þ and TiO also appear in
Figs. 3(c)–3(f) for procedures 2–5 that only used a N2
plasma,22 the Ti3þ peaks clearly dominate. This change from
Ti4þ to Ti3þ is consistent with the film composition informa-
tion obtained by XPS and reported in Table III. While sur-
face contamination is expected to influence the measured
composition values somewhat, a clear reduction in the O/Ti
ratio from approximately 2.3 for the procedures that
employed an O2 plasma (procedures 1 and TiO2) to approxi-
mately 1.8–2 for procedures 2–5 that only used a N2 plasma
is seen in Table III. This coincides with the introduction of
nitrogen concentrations of 14 to 23 at. %, which are also
reported in Table III.
Figure 4 shows that N1s XPS peaks are present for all
procedures that employed the N2 plasma, confirming that
nitrogen is incorporated successfully into the TiO2 lattice. It
is generally agreed that N1s XPS peaks in the ranges of 396
FIG. 2. (Color online) (a) Absorption coefficient and (b) Tauc plots of TiO2
and N-doped TiO2 films.
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to 398 and 399 to 402 eV correspond to substitutional nitro-
gen and interstitial nitrogen (or chemisorbed species),
respectively.37 Figure 4(a) shows a weak interstitial N peak
(Ti-O-N) at 400 eV and a weak peak at 402 eV for the TiO2
procedure, which are attributed to chemisorbed N2 (Refs. 15
and 33). Procedure 1, which employed 3s O2 and N2 plas-
mas, shows a small interstitial peak (Ti-O-N) at approxi-
mately 400 eV in Fig. 4(b), as well as a weak substitutional
peak at 396 eV (labeled “Ti-N”). The N1s XPS spectra of the
films produced using a N2 plasma only (procedures 2–5) are
shown in Figs. 4(c)–4(f) and demonstrate substitutional
peaks at approximately 396 and 398 eV, as well as interstitial
nitrogen peaks at approximately 400 eV. It was noted by
Viswanathan and Krishanmurthy that if nitrogen assumes
anionic substitutional states in TiO2, a binding energy of
around 394 eV is expected, whereas 400 eV would be
expected for cationic states.37 They explained that if the Ti-
N bond were to assume covalent character, the binding
energy could vary with the extent of loading and possibly
account for the variation in binding energy values reported
in the literature, such as the two peaks at 396 and 398 eV
observed in this work. Sathish et al., for example, attributed
a substitutional peak at 398 eV to anionic N in O-Ti-N link-
ages.29 Thus, the distinction between these two peaks is
TABLE II. Literature data on the XPS binding energies (eV) of Ti 2p, N1s, and O1s (Ref. 27).
Films Ti 2p3/2 Ti 2p1/2 N1s O1s
TiN 455.2 (Ref. 28) 461 (Ref. 20) 396 (Ref. 29), 397 (Ref. 30) Ti-O 531 (Ref. 28)





Ti-N (396) (Refs. 33 and 34)
O-Ti-N (398) (Ref. 34)
Ti-O-N (400) (Ref. 35)
Ti-O 529.7 (Ref. 28)
OH 531 (Ref. 20)
459.1 (Ref. 32)
This work Procedure 1: 458.5 464 Ti-N 396 Ti-O-N 400 Ti-O 529.7 OH 531
Procedure 2: 457 464 Ti-N 396 O-Ti-N 398 Ti-O-N 400 Ti-O 529.4 OH 530.1
Procedure 3: 457 463 Ti-N 396 O-Ti-N 398 Ti-O 529.7 OH 530
Procedure 4: 457.4 462.5 Ti-N 396 O-Ti-N 398 Ti-O-N 400 Ti-O 529.4 OH 530.1
Procedure 5: 457 463 Ti-N 396 O-Ti-N 398 Ti-O-N 400 Ti-O 529.3 OH 530.1
TiO2: 458.5 464 — Ti-O 529.6 OH 530
FIG. 3. (Color online) Ti 2p XPS spectra of TiO2 and N-doped TiO2 films: (a) TiO2, (b) 3s O2/N2 plasmas, (c) 1s N2 plasma, (d) 3s N2 plasma, (e) 5s N2
plasma, and (f) 7s N2 plasma. CPS, counts per second.
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unclear and warrants further study; however, within the
scope of this work, it is sufficient to ascribe these two peaks
to substitutional nitrogen, in agreement with the existing lit-
erature. The relative intensities of these two substitutional
peaks have been reported to be different for different fabrica-
tion processes.37 The substitutional peak at 398 eV, which is
attributed to the N anion, is expected to be responsible for
changing the Ti4þ valence state.37 This agrees with our mea-
surements, as it is seen that procedure 3 (3s N2 plasma) had
the most dominant 398 eV peak [Fig. 4(d)] and resulted in Ti
2p XPS spectra consisting almost exclusively of a Ti3þ sig-
nal [Fig. 3(d)]. Only the substitutional nitrogen peaks at 396
and 398 eV are present for the 3s N2 plasma exposure (pro-
cedure 3) in Fig. 4(d), whereas an interstitial (Ti-O-N) peak
is also present for the 1s, 5s, and 7s N2 plasma exposures in
Figs. 4(c), 4(e), and 4(f). The fraction of the N1s signal
attributable to interstitial and substitutional nitrogen is calcu-
lated based on the area under the corresponding XPS peaks
and reported in Table III, with 100% substitutional doping
observed for the 3s N2 plasma (procedure 3).
The nitrogen concentration and N/Ti ratio reported in
Table III display similar trends as the ratio of substitutional
to interstitial doping. Both increase to their maximum values
when the N2 plasma time is increased from 1 s (procedure 2)
TABLE III. Film compositions of PAALD samples.
Procedure
Film compositions (at. %) Fraction (%)a
Ti O N C N/Ti O/Ti Ninte Nsub
1 23.66 0.2 56.06 0.4 0.46 0.2 20.06 0.5 0.02 2.37 88 12
2 17.46 0.4 36.06 0.3 14.46 0.3 32.06 0.3 0.82 2.06 17 83
3 13.16 1.0 26.06 0.1 23.06 0.5 37.86 0.4 1.75 1.98 0 100
4 19.36 0.3 35.06 0.3 19.06 0.4 26.86 0.8 0.98 1.81 8 92
5 19.86 0.4 36.06 0.5 15.76 0.5 27.86 0.5 0.79 1.81 7 93
TiO2 24.06 0.6 55.06 0.3 0 21.06 0.7 0 2.30 – –
aCalculated based on the area of the Ninterstitial and Nsubstitutional peaks, compared to the total area of the N1s peaks.
FIG. 4. (Color online) N1s XPS spectra of TiO2 and N-doped TiO2 films: (a) TiO2, (b) 3s O2/N2 plasmas, (c) 1s N2 plasma, (d) 3s N2 plasma, (e) 5s N2 plasma,
and (f) 7s N2 plasma.
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to 3 s (procedure 3) and then decrease for longer plasma
times (procedures 4 and 5). For example, the nitrogen con-
tent increases from 14.46 0.3 at. % to 23.26 0.5 at. %
when the N2 plasma exposure is increased from 1 s to 3 s and
then decreases to 19.06 0.4 at. % and 15.76 0.5 at. % for
longer N2 plasma exposure times of 5 s and 7 s. These results
suggest that approximately 3 s is required for the N2 plasma
to react with the monolayer of the Ti precursor. The thick-
nesses of the samples were measured by ellipsometry to be
23.16 0.1 nm for the 3s O2 and N2 plasmas (procedure 1),
only 11.76 0.2 nm for the 1s N2 plasma (procedure 2),
22.36 0.1 nm for the 3s N2 plasma (procedure 3),
18.56 0.4 nm for the 5s N2 plasma (procedure 4),
18.56 0.1 nm for the 7s N2 plasma (procedure 5), and
266 0.2 nm for the TiO2 procedure. The 11.7 nm thickness
obtained using 600 cycles of procedure 1 confirms that 1s of
N2 plasma exposure is insufficient. The decreased nitrogen
concentration, decreased N/Ti ratio, and reduced fraction of
substitutional doping observed for the 5s and 7s N2 plasma
exposures, compared to the 3 s exposure, suggest that for N2
plasma exposure times longer than 3 s, formed Ti–N bonds
may be broken by subsequent thermodynamically favored
titanium-oxygen reactions. Figure 5 plots the fraction of sub-
stitutional and interstitial nitrogen as a function of N2 plasma
exposure time. It appears that for extended plasma expo-
sures, reactions between the titanium precursor and residual
water in the chamber may result in nitrogen atoms being
moved from substitutional to interstitial positions, as oxygen
atoms take their place, and then gradually expelled from the
films altogether.
The location of nitrogen atoms in the TiO2 lattice is
important for catalyst performance38 and can also influence
the bandgap.36 Figure 5 also plots the bandgap as a function
of the N2 plasma exposure. It is seen that the trend in the
bandgap narrowing is similar to the increase in substitutional
nitrogen doping. Notably, the 100% substitutional doping
achieved using procedure 3 (3s N2 plasma) is higher than
that reported previously for PAALD.17 The fraction of inter-
stitial doping can be increased by increasing the N2 plasma
exposure time or introducing an O2 plasma.
The nitrogen concentration of 23.26 0.5 at. % that is
observed for the film deposited using 3s N2 plasma
exposures is higher than that reported previously for
PAALD of N-doped TiO2.
17,19,20 Furthermore, procedure 3
uses a N2 plasma exposure time that is five times shorter
than that used by Zhang et al.17 to produce a nitrogen con-
tent of 13 at.% at the film surface (22 at. % in the bulk). The
resulting cycle time (10.5 s/cycle) is three times shorter than
that used by Zhang et al.17 as shown in Fig. 1. This proce-
dure also demonstrates the ability of a N2 plasma environ-
ment to dope TiO2 more effectively, particularly in a
substitutional manner, than some plasma environments that
make use of NH3.
39 The carbon contamination observed in
Table III is consistent with previous reports that used TIIP
and oxygen plasma.40 It may be due to incomplete reaction
between the TIIP and the nitrogen plasma, which could leave
significant amounts of unreacted precursors. Zhang et al.17
also observed a significant amount of carbon (33 at. %), sim-
ilar to the amount observed in this work, due to the incom-
plete reaction of TDMAT with nitrogen. Air contamination
resulting from transporting the samples to the XPS equip-
ment is also expected. Finally, Fig. 6 shows the O1s peaks
for the samples made using the TiO2 procedure and
FIG. 5. (Color online) Ninterstitial and Nsubstitutional peak intensities with the
bandgap.
FIG. 6. (Color online) O1s XPS spectra of (a) TiO2 and (b) N-doped TiO2
made using 3s N2 plasma exposures.
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procedure 3 (3s N2 plasma). The very high affinity of tita-
nium for oxygen41 is expected to result in the Ti precursor
atoms accommodating available oxygen in the chamber. By
using a procedure with no O2 plasma (procedure 3), the Ti-O
bond intensity was decreased, as shown in Fig. 6(b). The O-
H signal is attributed to hydroxyl groups on the surface of
the films. It is expected that by limiting the formation of
Ti–O bonds, it was possible to incorporate more nitrogen
atoms into the films (substitutional and interstitial) via expo-
sure to the nitrogen plasma.
IV. SUMMARYAND CONCLUSIONS
A simple and fast PAALD technique to dope TiO2 with
nitrogen was demonstrated. UV-visible measurements
showed narrowing of the bandgap from 3.1 to 1.9 eV. XPS
characterization demonstrated a higher nitrogen content
(236 0.5 at. %) than reported previously for nitrogen doping
with PAALD although carbon and oxygen contamination
influenced this measured value. This method required no O2
precursor, high temperatures, or postchemical treatments to
enhance the nitrogen content in the TiO2 films. It required
only one reactant plasma with a short exposure time (1 to
7 s). Furthermore, it was demonstrated that the nitrogen dop-
ing could be tailored from 100% substitutional to almost
entirely interstitial doping by varying the plasma exposure
time.
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